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PREFACE 
Zonal or meridional  s h i f t s  of t he  geomagnetic f i e l d  at  t h e  e a r t h ' s  
sur face  suggest t h e  ex is tence  of similar motions a t  the  su r face  of t h e  
c e n t r a l  core  about half-way t o  the  e a r t h ' s  cen ter ,  assuming t h a t  t h e  
f i e l d  l i n e s  are frozen i n t o  the sur face  of t h e  core. The change of t he  
e a r t h ' s  magnetic f i e l d  i n  t i m e  i s  used t o  estimate poss ib le  motions 
wi th in  t h e  core  boundary. 
The study presented he re  i s  one of a series intended t o  improve 
p red ic t ions  of t he  s t r eng th  and p a t t e r n s  of t he  e a r t h ' s  magnetic f i e l d  
as it a f f e c t s  the  r a d i a t i o n  b e l t s ,  and t o  assist i n  e s t ima tes  of the  
magnetic f i e l d s  l i k e l y  t o  be encountered on o the r  p lane ts .  
This  work w a s  supported by the  Nat ional  Aeronautics and Space 
Administration. 
c 
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ABSTRACT 
Our previous work on t h e o r e t i c a l l y  i n f e r r e d  su r face  f l u i d  motions 
of  t he  e a r t h ' s  core  i s  improved and extended f o r  epoch 1955, using sec- 
u l a r  change f o r  t h e  period 1912 t o  1955. The su r face  flow i s  estimated 
us ing  t h e  f rozen- f i e ld  concepts of  Alfven, including t h e  e f f e c t  on t h e  
s e c u l a r  change r e s u l t i n g  from the nonuniformity i n  t h e  flow pa t t e rn .  
We a l s o  assume t h a t  both dipole  and non-dipole terms of t he  main f i e l d  
are c a r r i e d  by the  f l u i d .  The flow i s  est imated by assuming t h a t  t he  
h o r i z o n t a l  surface flow can be  resolved i n t o  two components, r o t a t i o n a l  
and i r r o t a t i o n a l .  The r o t a t i o n a l  component i s  composed of t h e  w e l l -  
known westward d r i f t  and flow around closed s t reamlines  on t h e  su r face  
of  t h e  core. The i r r o t a t i o n a l  component i s  flow from sources t o  s inks  
and gives  us some information about t he  v e r t i c a l  flow. The westward 
d r i f t  does not appear t o  dominate the  flow. 
ward d r i f t  w e  f i n d  a s t rong upflow i n  t h e  Southern Hemisphere, centered 
south of Af r i ca ,  with a corresponding downflow i n  t h e  Northern Hemisphere 
centered i n  t h e  Mediterranean. Although w e  s t i l l  ob ta in  a downflow i n  
t h e  no r the rn  P a c i f i c  as w e  reported previously,  our improved estimate 
has  r e s u l t e d  i n  major changes i n  the der ived flow. 
r o t a t i o n a l  v e l o c i t i e s ,  p a r t i c u l a r l y  i n  t h e  region of Africa.  
I 
I n  a d d i t i o n  t o  the west- 
There are a l s o  s t r o n g  
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I. INTRODUCTION 
The ou te r  po r t ion  of t h e  e a r t h ' s  c e n t r a l  core  i s  usua l ly  regarded 
as c o n s i s t i n g  of  a n  e l e c t r i c a l l y  conducting f l u i d  i n  motion. 
motions of t h i s  f l u i d  can a t  present only be i n f e r r e d  from t h e  study 
of temporal changes i n  t h e  geomagnetic f i e l d .  
e a r t h ' s  su r f ace  f i e l d  are bel ieved t o  r e s u l t  mainly from motion of 
t h e  f l u i d  i n  t h e  core  r e l a t i v e  t o  t h e  su r face  of t h e  e a r t h ,  with t h e  
magnetic f i e l d  "frozen" i n t o  t h e  f l u i d  and hence moving with it. 
t i o n a l  changes may r e s u l t  from a c t u a l  c r e a t i o n  o r  decay of t h e  f i e l d .  
Since many of t h e s e  "secular" changes occur q u i t e  r ap id ly ,  w i t h i n  a 
decade o r  so, t h e i r  source must l ie  i n  t h e  ou te r  few hundred Ian of 
t h e  core. The high conduct ivi ty  of t h e  core  would e f f e c t i v e l y  s h i e l d  
from observat ion any such r a p i d  v a r i a t i o n s  occurr ing a t  a s u b s t a n t i a l  
depth w i t h i n  i t .  
The 
The changes i n  t h e  
Addi- 
Motion of t h e  core  w a s  f i r s t  es t imated by Hal ley (1692), who noted 
t h e  d r i f t  with time of t h e  pos i t i ons  of isogonic  l i n e s  on magnetic 
c h a r t s  drawn f o r  d i f f e r e n t  epochs. 
t o  be r o t a t i n g  more slowly than  the  ou te r  p a r t  of t h e  e a r t h  by about 
0.5O/yr. This apparent  westward d r i f t  o f  t h e  magnetic f i e l d  w a s  later 
s t u d i e d  by Carlheim-Gyllenskold (1896), and by Laporte a t  t h e  Carnegie 
I n s t i t u t i o n  o f  Washington i n  1946 us ing  c h a r t s  from 1700 t o  1945 
(unpublished). Their r e s u l t s  e s s e n t i a l l y  agreed with Hal ley 's .  A 
more e l a b o r a t e  and c a r e f u l  study by Bullard,  e t  al. (1950), using data 
f o r  t h e  per iod from 1907.5 t o  1945, showed a n  est imated average d r i f t  
of  about 0.18O/yr f o r  t h e  nondipole f i e l d ,  and thus  f o r  t h e  su r face  of  
t h e  core. Resu l t s  of westward d r i f t  of t h e  e c c e n t r i c  d ipo le  f i e l d  were 
He  remarked t h a t  t h e  core appeared 
11 
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given by Vestine (1952), Yukutake (1962), and o t h e r s ;  a t y p i c a l  value 
w a s  about 0.28'/yr. Carlheim-Gyllenskgld (1896), Bullard,  e t  a l .  
(1950), and Yukutake (1962) a l s o  considered t h e  westward motion of 
i nd iv idua l  harmonics. Yukutake der ived d r i f t  estimates from observa- 
t o r y  values and c h a r t s  t o  1955 and found t h a t  t h e  average value of 
0.2'/yr was r ep resen ta t ive .  
ward d r i f t  w a s  nonuniform and va r i ed  with geographical l oca t ion ,  a 
po in t  made e a r l i e r  by Whitham (1958), who s tud ied  the  westward d r i f t  
using data  f o r  Canada, and by Pochtarev (1964). I n  f a c t ,  examples of 
l o c a l  eastward d r i f t s  i n  no r theas t  Asia were noted by Yukutake (1962), 
and Nagata (1962) obtained a world-wide eastward d r i f t  f o r  t h e  sphe r i -  
cal  harmonic term P 
His work tended t o  show t h a t  t h e  w e s t -  
2 
3' 
The various e s t ima tes  of westward d r i f t  d i f f e r  probably because 
of d i f f e rences  i n  t h e  l i n e a r  c ros s  s e c t i o n  of t h e  f i e l d  p a t t e r n s  
examined, and because t h e  shapes of f i e l d  p a t t e r n s  can a f f e c t  t h e  
accuracy of d r i f t  estimates. Estimates of t h e  amount of h o r i z o n t a l  
d r i f t  i n  the charted p a t t e r n s  are also  a f f e c t e d  by both random and 
systematic  e r r o r s  i n  the  data .  
(1962), who showed t h a t  a considerable  p a r t  of  t h e  secular-change f i e l d  
a t  the  e a r t h ' s  su r f ace  could arise f r a n  t h e  westward d r i f t  of t h e  non- 
Yukutake's work w a s  extended by Nagata 
d ipo le  f i e ld .  Taking t h e  westward d r i f t  t o  be 0.2'/yr, he then a t t r i -  
buted t h e  r e s i d u a l  s e c u l a r  change t o  a s t a t i o n a r y  secular-change f i e l d .  
Such a f i e l d  would r ep resen t  f luid-f low p a t t e r n s  i n  t h e  core  i n  a d d i t i o n  
t o  those r e s u l t i n g  from t h e  time average of  t h e  westward d r i f t .  
It i s  the  purpose of  t h i s  paper t o  de f ine ,  on t h e  b a s i s  of  geomag- 
n e t i c  data and hydrodynamic p r i n c i p l e s ,  Some g e n e r a l  f e a t u r e s  of t h e  
core-surface motions comprising t h e  westward d r i f t  p a t t e r n  and t h e  next  
-3- . 
simplest  p a t t e r n  of su r face  flow. 
n e t i c  f i e l d  j u s t  above t h e  surface of t he  core,  which has  been est imated 
us ing  t h e  a n a l y t i c  cont inuat ion of s p h e r i c a l  harmonics. 
r ep resen ta t ions  of f i e l d  p a t t e r n s  have been suggested but  w i l l  no t  be 
used here ,  although i n  p r i n c i p l e  they could provide a l t e r n a t i v e  ap- 
proaches t o  t h e  problem of depict ing su r face  f i e l d s  above t h e  core 
(Alldredge and Hurwitz, 1964; McNish, 1940; Lowes and Runcorn, 1951; 
MacDonald, 1955). We a t t r i b u t e  the observed secu la r  change of t h e  
e a r t h ' s  magnetic f i e l d  t o  t h e  motion of t h e  conducting f l u i d  i n  t h e  
core  with t h e  f i e l d  p a t t e r n s  frozen in .  This r e l a t i o n s h i p  i s  given 
approximately by t h e  well-known expression 
To do t h i s  w e  must know t h e  geomag- 
A l t e r n a t i v e  
i n  which t h e  v e l o c i t y  1 i s  t h e  unknown quan t i ty  i n  our problem 
(Vestine and Kahle, 1966). The magnetic f i e l d  and t h e  s e c u l a r  change 
f i e l d  a B / a t  - were ex t r apo la t ed  downward t o  j u s t  above t h e  core. 
t h e  assumption t h a t  t h e  h o r i z o n t a l  v e l o c i t y  i s  of t h e  form 
+ F X Vx, t h e  q u a n t i t i e s  Jr and  were found by a l eas t - squa res  s o l u t i o n  
o f  Eq. (1). The v e l o c i t y  p o t e n t i a l  Jr ( represent ing t h e  c u r l - f r e e  p a r t  
of  t h e  h o r i z o n t a l  v e l o c i t y )  then a l s o  gives  some information about t he  




i n d i c a t e s  t h a t  t h e  t a n g e n t i a l  component of t h e  ope ra to r  i s  used. T 
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11. METHOD OF DETERMINING VELOCITY 
Finding a method t o  determine the  f l u i d  v e l o c i t y  from the  observed 
magnetic f i e l d  and s e c u l a r  change f i e l d  r equ i r e s  some approximations. 
Maxwell's f a m i l i a r  equations of electromagnetism, i n  emu, give 
and 
where 
- J i s  t h e  cu r ren t  dens i ty ,  
- E i s  t h e  e l e c t r i c  f i e l d ,  
- B i s  the magnetic f i e l d ,  
- v i s  the v e l o c i t y  of t he  f l u i d ,  and 
CJ i s  t h e  e l e c t r i c  conduct ivi ty  j u s t  beneath t h e  su r face  of 
t he  core. 
Combining these,  w e  have the  hydromagnetic equat ion of Cowling (1957): 
where @/at i n  t h i s  a p p l i c a t i o n  i s  t h e  s e c u l a r  magnetic change. 
f irst  term on t h e  r i g h t  i s  a s s o c i a t e d  wi th  t h e  t r a n s p o r t  of t h e  f i e l d  
with t h e  f l u i d ,  and t h e  second term wi th  t h e  d i f f u s i o n  of  t h e  f i e l d  
through t h e  f l u i d .  
The 




4TTO LV, where L i s  a length comparable t o  those i n  t h e  problem and V 
i s  a t y p i c a l  ve loc i ty .  For our problem, i f  L 10 an, V w 10- an/sec,  
and 0 M 10 emu, then % M 100. When >> 1 the  t r anspor t  term 
dominates over t he  d i f f u s i o n  term. 
8 1 
-6 
Hence we  may rep lace  Eq. ( 2 )  with 
The f i r s t  term on 
nonuniform fea tu res  o f  
t r a n s l a t i o n  of 2. 
Expanding Eq. (1) 
t h e  r i g h t  i s  the  con t r ibu t ion  t o  from the  
t h e  ve loc i ty ,  and t h e  second term t h a t  f romthe  
i n  sphe r i ca l  coordinates  r ,  8, and A, 
V A  Y B,, av aBr  ve aBr r r '+-- - - v  - - - - -  a r  r a0 r s i n  0 a h  a r  avr + r 80 r s i n  0 ah i [B r a B  - - =  1 a t  
aBe v8 aBe v aBe 
A -  - - v  - - - - -  
r a0 r s i n  0 ah a r  r 
' a B A  ve a B A  v a B A  
B,, aVA A -  - - v  - - - - -  
r ae r s i n  0 a h  a r  -A r ae r s i n  8 ah r 
where &, &, and f A a r e  u n i t  vec tors  i n  t h e  d i r e c t i o n s  r,  0, and A, 
and v 
core v = 0; the re fo re ,  avr/aO and avr /ah  a l s o  equal  zero a t  t h i s  
boundary, a s  Roberts and Scot t  (1965) have pointed out. 
and v A a r e  t h e  components of E. A t  t h e  boundary of t he  r' "0, 
r 
-6- 
For the r a d i a l  component Eq. (3) becomes 
v a B r  
- -  aBr - - - _ c -  r v~ aBr A -  
av 
a r  r 38 r s i n  8 ah - 'r a t  
This equation r e q u i r e s  a knowledge of t h e  unobtainable quan t i ty  
avr /ar .  
and 
However, assuming t h a t  t he  f l u i d  i s  incompressible,  V - v = 0, 
ve co t  e 1 
+ r av 
r r s i n  0 a h  
hence, a t  the su r face  of t he  core 
1 
- =  aBr f + r a t  r r s i n  0 ah 
v a B r  - - - -  ve aBr h -  
r a0 r s i n  8 a h  
( 5 )  
We see t h a t  t h e  time change i n  
t h e  f i e l d  1 with the  f l u i d  -- t h e  f r o z e n - f i e l d  concept of AlfvLn and 
Falthammer (1963) -- i nc lud ing  the  compression o r  d i l a t i o n  of f l u x  
tubes.  
i s  caused by h o r i z o n t a l  t r a n s p o r t  of  
11 
Equation ( 6 )  i s  now i n  terms of t h e  h o r i z o n t a l  components of t h e  
v e l o c i t y  and the  h o r i z o n t a l  d e r i v a t i v e s  of t h e s e  components. 
express  ' t h i s  two-dimensional v e l o c i t y  as t h e  sum of  an i r r o t a t i o n a l  
and a r o t a t i o n a l  v e l o c i t y  f i e l d  i n  t h e  form 
We can 
-7- 
where t h e  subsc r ip t  T denotes t h e  t a n g e n t i a l  (horizontal)  component 
of t h e  gradient .  W e  cannot determine t h e  v e r t i c a l  v e l o c i t y  flow as a 
I 
func t ion  of r ;  however, w e  can assume t h a t  because the  three-dimensional 
flow i s  incompressible, a s u b s t a n t i a l  p a r t  of the flow j u s t  beneath t h e  
surface,  where Eq. (6) i s  appl icable ,  w i l l  be upflow and downflow 
corresponding t o  t h e  sources and s inks  of t h e  JI p a r t  of t h e  ve loc i ty .  
To so lve  Eq. (6) f o r  t h e  ve loc i ty ,  w e  assumed t h a t  JI and x of 
Eq. (7) can be expressed i n  s p h e r i c a l  harmonics 
Then v8, v 
<, f?, A:, and Bm These lat ter q u a n t i t i e s ,  t o t a l i n g  48 i f  n = 1 t o  n' 
4 and m = 0 t o  n, become the  unknowns i n  t h e  problem. Equation (6) w a s  
expressed i n  terms of t hese  c o e f f i c i e n t s  a t  612 po in t s  comprising a 10' 
by loo g r i d  over t h e  su r face  of t h e  core. 
equa t ions  i n  48 unknowns. 
av /ae, and av /ah can a l l  be expressed i n  terms of t h e  A' 9 h 
Thus w e  obtained 612 
These were solved by s tandard least-squares  
and matrix methods. 
To check t h e  method of solving Eq. ( 6 ) ,  w e  constructed a test  
1 2 1 0 
v e l o c i t y  f i e l d  c o n s i s t i n g  of a1 = 15, a3 = 20, 8, = -10, A1 = 5, 
1 1 
3 A3 -5, and B = 8. Using Eq. ( 6 ) ,  t h e  f i c t i t i o u s  v e l o c i t y  given by 
t h i s  f i e l d  w a s  combined with the 1955 magnetic f i e l d  t o  give a f i c t i -  
t i o u s  s e c u l a r  change f i e l d .  This s e c u l a r  change f i e l d  w a s  t hen  used 
i n  combination wi th  t h e  1955 magnetic f i e l d  as input  t o  our computer 
programs, which were designed t o  f i n d  v e l o c i t y  by t h e  method of least 
squares.  
f i g u r e s ,  showing the accuracy of t h i s  phase of our ca l cu la t ions .  
The o r i g i n a l  test v e l o c i t y  c o e f f i c i e n t s  were recovered t o  s i x  
-8- 
111. DATA 
The magne i c  da a used i n  t h i s  study consis teL o t h e  main-f ie ld  
r ep resen ta t ion  derived from United S t a t e s  w m l d  char t s  for 1955 
(Vestine, e t  a l . ,  1963), and of t he  secular-change f i e l d  from 1912 t o  
1955 (Vestine, e t  a l . ,  1947; Nagata and Syono, 1961). I n  a l a t e r  
paper we show t h a t  o the r  a v a i l a b l e  r ep resen ta t ions  do not  g r e a t l y  
change our r e s u l t s .  The magnetic p o t e n t i a l  of t h e  f i e l d  of i n t e r n a l  
o r i g i n  derived from observed values  a t  t h e  e a r t h ' s  su r f ace  a t  r = a 
may be w r i t t e n  
c o n  ni-1 
~ = a  c c <"-I r k; cos mh+  h z  s i n  mh)Pr(0) (10) 
n=O m=O 
m 
where gn and hm are determined from t h e  su r face  data ,  0 i s  c o l a t i t u d e ,  
h t he  east longitude, and P (0 )  t h e  p a r t i a l l y  normalized a s s o c i a t e d  
Legendre polynomials of Schmidt (Chapman and B a r t e l s ,  1940). The 
magnetic f i e l d  i s  - VV. The secular-change f i e l d  can be expressed 




.m * m  and hn. n 
It i s  d i f f i c u l t  t o  make a formal a n a l y s i s  of e r r o r s  i n  s p h e r i c a l  
harmonic c o e f f i c i e n t s  der ived from main - f i e ld  and secular-change data.  
For main-field harmonics, a s e r i e s  may be synthesized and compared with 
independent measurements, as has  been done f o r  d a t a  from aircraft  
surveys or from e a r t h  s a t e l l i t e s  (Heuring, 1965 and Cain, e t  a l . ,  1965). 
Various s tud ie s  show t h a t  t h e  e r r o r  i n  summed c o e f f i c i e n t s  f o r  t h e  main 
f i e l d  i s  of t he  order  of one pe r  cent  a t  t h e  e a r t h ' s  surface.  Although 
t h e  secular-change c o e f f i c i e n t s  are less w e l l  determined, w e  have some 
confidence i n  t h e i r  accuracy, s i n c e  survey measurements made s h o r t l y  
a f t e r  1900, with the a d d i t i o n  of s ecu la r  changes from t h e  s p h e r i c a l  
, 
-9- 
harmonic series, agree with s t a t i o n  measurements compiled during later 
surveys (Vestine, e t  al., 1947; A l ' t shu le r ,  e t  al., 1955). This  f a i r l y  
successfu l  use of o lder  surveys i n  preparing later c h a r t s  suggests  
t h a t  i n  many reg ions  t h e  t o t a l  e r r o r  may be of t h e  order  of 10 t o  20 
per  cent ,  but of course may be much l a r g e r  fo r  t h e  (smaller) high- 
degree harmonics, which occasional ly  may even be i n c o r r e c t  i n  sign. 
The r e l a t i v e  importance of t hese  high harmonics i s  amplif ied when the  
f i e l d  i s  ex t r apo la t ed  t o  t h e  region j u s t  above the  sur face  of t he  
core. 
low-degree terms u n t i l  t h e  core  i n t e r i o r  i s  reached. 
Even so, they  remain smaller than  most of t h e  b e t t e r  def ined 
When secu la r  change terms t o  n = 6 are ex t r apo la t ed  downward as 
f a r  as the  core,  they w i l l  probably include s u b s t a n t i a l  e r r o r s  o r  
u n c e r t a i n t i e s  (Elsasser, 1950 and Roberts,  1965). It w a s  convenient 
i n  v e l o c i t y  s t u d i e s ,  t he re fo re ,  t o  ex t r apo la t e  by t h r e e  s t ages :  (1) 
f o r  t h e  e a r t h ' s  su r f ace  (r = 6371 km), (2) t o  a depth of 1500 km (r = 
4871 lan), and (3) t o  a depth of 2371 km (r = 4000 km), about 530 km 
above t h e  sur face  of t h e  core. 
t h e  f a c t o r  
t h e  harmonic, we would expect o s c i l l a t i o n s  t o  appear i f  t h e  e r r o r s  i n  
t h e  high-degree harmonics w e r e  unduly amplified.  
of t he  f i e l d  i n  l a t i t u d e  o r  longitude d id  not  appear a t  any of the  
foregoing depths. The ampl i f ica t ion  of e r r o r s  w a s ,  however, f a i r l y  
pronounced a t  a depth of about 3000 km (r = 3371 lan), j u s t  i n s i d e  t h e  
core ,  and gave rise t o  o s c i l l a t i o n s  considered improbable on phys ica l  
grounds. A s  a c m p r m i s e  between t h e  c l a r i f i c a t i o n  of d e t a i l  and t h e  
magni f ica t ion  of e r r o r ,  w e  se lec ted  t h e  depth of 2371 km (r = 4000 km) 
Since t h e  harmonics are amplif ied by 
where a i s  the e a r t h ' s  r ad ius  and n t h e  degree of 
Violent o s c i l l a t i o n s  
-10- 
a t  which t o  examine t h e  p a t t e r n s  i n  d e t a i l .  
l i n e a r  cross s e c t i o n  500 km or  more, t he  values c a l c u l a t e d  f o r  r = 4000 
km can, of course, s e rve  as w e l l  as f o r  r = 3470 km. 
For v e l o c i t y  p a t t e r n s  of 
-. Figures I, 2, and 3 show the  nondipole f i e l d  f o r  1912 and 1955, 
f o r  r = 6370, 4870, and 3370 km, r e spec t ive ly .  The arrows show the  
magnitude and sense of t h e  h o r i z o n t a l  component of t h e  f i e l d ;  contours 
show the isodynamic l i n e s  i n  Z. I n  Fig. 3 w e  see the  beginnings of 
what a r e  probably phys ica l ly  un rea l  o s c i l l a t i o n s  caused by the  ampli- 
f i c a t i o n  of e r r o r s .  It i s  c l e a r  t h a t  the d i f f e r e n c e  between t h e  non- 
d i p o l e - f i e l d  p a t t e r n s  a t  t h e  two epochs i s  s m a l l  compared with t h e  
nondipole f i e l d  i t s e l f .  W e  s h a l l  regard t h i s  d i f f e rence  p lus  t h e  
difference i n  the d ipo le  terms as due t o  su r face  flow i n  t h e  upper 
100 km o r  s o  o f  t h e  core  during the  43-year per iod from 1912 t o  1955, 
fo r  which, using Eq. ( 6 ) ,  we hope t o  d e r i v e  a few broad-scale f ea tu res .  
-1 1- 
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Nondipole main f i e ld  components for (a) 1912, and (b) 1955, at the 
earth's surface r = 6370 km. 
(2) i n  gauss; horizontai component (a) 
Contours are for downward component 
by ETTWS. 
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Fig .  2a 
L 
F i g .  2b 
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1 
Fig .  2 -- Nondipole main f i e l d  components f o r  ( a )  1912, and (b) 1955, 
a t  r = 4870 km. 
i n  gauss; h o r i z o n t a l  component (H) i s  shown by arrows. 
Contours a r e  f o r  downward component (Z) 
Fig. 3a 
Fig. 3b 
Fig. 3 -- Nondipole main field components for (a) 1912, and (b) 1955, 
at r = 3370 km. Contours are for downward component (Z) 
in gauss; horizontal component (Hj is shown by arrows. 
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I V .  RESULTS 
Figure 4 shows t h e  t o t a l  h o r i z o n t a l  v e l o c i t y  obtained using 
Eq. (6), the 1955 main magnetic f i e l d ,  and the secular=change f i e i d  
from 1912 t o  1955. 
o f  t h e  su r face  flow. 
magnitudes o f t e n  discussed i n  connection with s e c u l a r  change and 
dynamo theo r i e s  of t he  e a r t h ' s  f i e l d  (Elsasser, 1956; Bul lard and 
Gellman, 1954; Parker,  1955; Cowling, 1965). These v e l o c i t i e s  can be 
resolved i n t o  two components: t h e  v e l o c i t y  p o t e n t i a l  JI and t h e  r o t a -  
t i o n a l  component x. 
or w e s t w a r d  d r i f t  component given by the  A terms, and t h e  remainder 
of  t h e  r o t a t i o n a l  flow. The s p h e r i c a l  harmonic c o e f f i c i e n t s  f o r  $ and 
x a r e  given i n  Table 1. 
The arrows r ep resen t  t he  d i r e c t i o n  and magnitude 
The v e l o c i t i e s  of about 10 t o  15 h / y r  resemble 
The la t te r  can be f u r t h e r  resolved i n t o  t h e  zonal 
0 
n 
The westward d r i f t ,  given by t h e  terms Ao i s  p l o t t e d  i n  Fig. 5 n' 
as a function of l a t i t u d e  i n  both km/yr and t h e  more conventional 
deg/yr. It i s  seen t o  be considerably smaller than  most previous 
estimates. It a l s o  varies considerably w i t h  l a t i t u d e ,  even d r i f t i n g  
eastward i n  some places .  
r e s u l t s  from averaging t h e  s e c u l a r  change over  a 43-year p e r i o d ;  some 
of our other  r e s u l t s ,  t o  be reported,  show s i g n i f i c a n t l y  l a r g e r  va lues  
when t h e  ve loc i ty  i s  determined from the  secular-change f i e l d  f o r  a 
s i n g l e  epoch. The v a r i a t i o n  wi th  l a t i t u d e ,  i n c l u d i n g  a reduced or  
eastward d r i f t  i n  t h e  Northern Hemisphere does appear  t o  be real. 
va lues  may d i f f e r  from previous r e s u l t s  because of  t h e  d i f f e r e n t  types 
of con t r ibu t ions  t o  t h e  v e l o c i t y  from t h e  t r a n s p o r t  term and from t h e  
d i s t o r t i o n  of t he  flow p a t t e r n .  





F ig .  4 -- Horizonta l  ve loc i ty  es t imated a t  t h e  hypo the t i ca l  core  
su r face ,  r = 4000 km, for main f i e l d  epoch 1955 and 
secu la r  change f i e l d  from 1912 t o  1955. 
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Table  1 
SPHERICAL HARMONIC COEFFICIENTS OF VELOCITY FIELD I N  KM/YR 
Stream Function, y, 
B" n A" n 
1 0  
1 
2 0  
1 
2 





















































The contours of t h e  p o t e n t i a l  JI are shown i n  Fig.  6. The h o r i z o n t a l  
flow assoc ia ted  wi th  t h i s  p o t e n t i a l  i s  everywhere perpendicular  t o  t h e  
equ ipo ten t i a l  l i nes .  The v e l o c i t y  vectors .  f o r  t h i s  p a r t  of  t h e  flow are 
shown by the dashed arrows i n  Fig. 8. The contours  i n  Fig.  6 a l s o  re- 
present  the contours o f  upflow ( so l id  l i n e s )  and downflow (dot ted l i n e s )  
w i th in  the  l i m i t a t i o n s  mentioned previously.  The prominent f e a t u r e s  here  
a r e  an upflow i n  the  e n t i r e  Southern Hemisphere, wi th  the  s t ronges t  up- 
flow centered south of Afr ica ,  and a downflow i n  t h e  Northern Hemisphere, 
centered i n  t h e  c e n t r a l  Atlantic--Mediterranean--Central Europe region.  
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Fig. 6 -- Equipotential lines of the horizontal velocity potential 
4 at r = 4000 km. 
(upflow) and dotted lines show negati Y e potential (down- 
flow). 
Solid lines show positive potential 
Contour intervals are 2325 km /yr. 
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noted i n  the  Pac i f i c ,  assuming t h e  presence of t o r o i d a l  f i e l d s  increas ing  
with depth near t h e  surface of the core.  
t o r o i d a l  f i e l d s  upwards where they are converted t o  po lo ida l  form i n  
t h e  more a c t i v e  areas of secu la r  change, as remarked i n  earlier papers 
(Allan and Bullard,  1958, Nagata and Rik i take ,  1961; Vest ine,  1964; 
Vestine and Kahle, 1966). 
The upflow may t r anspor t  t he  
The r e s u l t s  here in ,  based on t h e  complete Eq. (6), d i f f e r  somewhat 
from those of Vestine and Kahle  (1966) because the  present  ca l cu la t ions  
inc lude  (1) the  d ipole  terms i n  the main f i e l d ,  and (2) t h e  f i r s t  term 
of t h e  right-hand s ide  of t h e  expansion of Eq. (1). 
The contours o r  s t reaml ines  of t he  stream funct ion x, with  the  
westward d r i f t  removed, are shown i n  Fig. 7. This  r o t a t i o n a l  component 
of t he  h o r i z o n t a l  v e l o c i t y  flows a long  t h e  s t reaml ines  r a t h e r  than 
perpendicular  t o  t h e  contours as i n  Fig. 6. The s o l i d  l i n e s  represent  
t h e  clockwise r o t a t i o n  and the  dashed l i n e s  counterclockwise ro t a t ion .  
The vec to r s  for t h i s  flow are p l o t t e d  wi th  s o l i d  arrows i n  Fig.  8. Some 
of t h e  f e a t u r e s  suggest geostrophic  flow -- t he  counterclockwise r o t a -  
t i o n  around t h e  s l i g h t  downflow i n  t h e  North P a c i f i c ,  for  example, and 
t h e  counterclockwise r o t a t i o n  around the  upflow south of Afr ica .  
genera l ,  though, t h e  p a t t e r n s  a r e  too  canpl ica ted  and the  phys ica l  
processes  involved too complex for such a simple i n t e r p r e t a t i o n .  
I n  
Bul lard,  e t  al. (1950) have suggested t h a t  the  westward d r i f t  of 
t h e  geomagnetic f i e l d  can be explained by t h e  electromagnet ic  couple 
between t h e  e l e c t r i c a l l y  conducting core and t h e  mantle. 
data re l evan t  t o  t h e  e a r t h ' s  r o t a t i o n  have been subsequently discussed 
i n  r e l a t i o n  t o  Bu l l a rd ' s  theory by o the r s  @funk and MacDonald, 1960; 




3 120 140 160 180 200 220 240 260 280 300 320 340 0% 20 $0 00 80 eo 
Fig. 7 -- Streamlines of the horizontal velocity stream function X 
at r = 4000 km. Solid lines indicate clockwise rotation, 
dotted lines indicate counterclockwise rotation. Con- 
tour intervals are for q = 2325 km2/yr. 
-21- 
Fig. 8 -- Horizontal velocity estimated at r = 4000 km. Solid arrows 
show velocity from stream function x and dotted arrows 
show velocity from potential J I .  
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Nagata, 1965). Bul lard showed t h a t  a meridional  e l e c t r i c  cu r ren t  L, 
w i th  a downflow near t h e  core  equator  and an upflow i n  polar  regions,  
would y i e l d  a n  eastward t o r o i d a l  f i e l d  - T i n  middle no r the rn  l a t i t u d e s  
of t h e  core. In middle southern l a t i t u d e s ,  would be reversed. The 
c u r r e n t s  a r e  regarded as c ross ing  t h e  l i n e s  of force of t h e  e a r t h ' s  
p o l o i d a l  main f i e l d  B . A mechanical force i X B would arise i n  
the  core,  d i r ec t ed  westward. I f  B i s  t h a t  of a centered dipole ,  t h e  
westward force would be ze ro  a t  the  poles  and a maximum a t  t h e  equator.  
In spec t ion  of Figs. 5 and 6 shows t h a t  C o r i o l i s  force may modify the 
the westward d r i f t .  
-S I: -s 
-s 
A more d e t a i l e d  q u a n t i t a t i v e  d i scuss ion  of t h e s e  and o the r  quest ions 
i s  being prepared f o r  a la ter  paper. 
on the  m a i n  f i e l d  and s e c u l a r  change f i e l d  a t  s e v e r a l  d i f f e r e n t  epochs. 
The work done thus f a r  gives  preliminary r e s u l t s  t h a t  seem l i k e l y  t o  
support  the major f e a t u r e s  presented here ,  with s i g n i f i c a n t  changes i n  
t h e  ve loc i ty  p a t t e r n s  with t i m e .  
w e  have derived so  far are topo log ica l ly  similar; t h a t  i s ,  they d iv ide  
t h e  e a r t h ' s  su r f ace  i n t o  two regions,  one of upflow and one of downflow. 
The convection system p o s t u l a t e d  i n  B u l l a r d ' s  dynamo theory,  however, 
has  two regions of upflow and two of downflow, assuming t h a t  t h i s  
convection system manifests  i t s e l f  i n  t h e  c o r e  s u r f a c e  flow. We have 
been unable t o  f i n d  any evidence of t hese  two e q u a t o r i a l  upflows and 
downflows. Our r e s u l t  should be regarded w i t h  cau t ion ,  however, s i n c e  
i t  includes only terms t o  P 
We expect t o  show r e s u l t s  based 
All t he  v e l o c i t y  p a t t e r n s  of t h e  type 
4 
4' 
The uncertainty regarding systematic  and random e r r o r s  of  s p h e r i c a l  
harmonic c o e f f i c i e n t s  of s e c u l a r  change h a s  been mentioned previously.  
-23 - 
However, t he  v e l o c i t i e s  t h a t  w e  have derived do f i t  experimental  data.  
Figure 9a shows t h e  value of  i t h a t  w e  have ex t r apo la t ed  from the sur- 
face of the e a r t h  t o  t h e  l e v e l  1: = 4000. Figure 9b shows t h e  value of 
i = -aBr/at computed using Eq. (1) and t h e  v e l o c i t i e s  shown i n  Fig. 4. 
It can been seen t h a t  t h e r e  i s  good agreement between t h e  two. 
It a l s o  appears t h a t  broad-scale f ea tu res  of t h e  geoid der ived 
from sa te l l i t e  s t u d i e s  by K a u l a  (1963) may be r e l a t e d  t o  the  flow w e  
der ived fo r  t h e  su r face  of the core. However, t h e  r e l a t i o n  between 
our  r e s u l t s  and those of Kaula i s  uncertain,  and t h e  sub jec t  must be 
s tud ied  fu r the r .  Kaula (p r iva t e  cammunication, 1965) has suggested 
t h a t  cu r ren t  r ep resen ta t ions  of  the geoid must be r ev i sed  t o  improve 
t h e i r  f i t  wi th  later da ta  on s a t e l l i t e  t r a j e c t o r i e s .  It would there-  
f o r e  be of g r e a t  i n t e r e s t  t o  extend i n  d e t a i l  those s t u d i e s  of  heat  
flow, t h e  geoid, and geomagnetism t h a t  might be r e l a t e d ,  as Lee and 
MacDonald (1963) and Vening-Meinez (1964) have suggested. 
-24- 
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Fig .  9 -- Comparison of a B r / a t  at r = 4000 i n  gauss/43 yrs; (a) from 
secular change f i e l d  at earth's surface extrapolated down- 
ward, and (b) computed from derived horizontal ve loc i ty  f i e l d .  
I - 





Alfve'n, H., and C. Falthammer, Cosmical Electrodynamics, Clarendon Press, 
Oxford, 1963. 
Allan, D. W., and E. C. Bullard, "Distortion of a Toroidal Field by 
Convection," Rev. of Mod. Phys., 30, 1087-1088, 1958. 
Alldredge, L. R., and L. Hurwitz, "Radial Dipoles as the Sources of the 
Earth's Main Magnetic Field," J. Geophys. Res., 69, 2631-2640, 1964. 
Al'tshuler, L. I., B. D. Vints, K. A. Mal'tseva, 2. S. Churguryan, and 
A. P. Shlyakhtina, Memoirs of the Institute of Geomagnetism, Ionosphere 
and Radio Wave Propagation, ll, (21), 229-236, 1955. 
Bullard, E. C., C. Freedman, H. Gellman, and J. Nixon, "The Westward 
Drift of the Earth's Magnetic Field," Phil. Trans. ROY. S O C . ,  243-A, 
67-92, 1950. 
Bullard, E. C., and H. Gellman, "Homogeneous Dynamos and Terrestrial 
Magnetism," Phil. Trans. ROY. SOC., 2478, 213-278, 1954. 
Cain, J. C., W. E. Daniels, and S. J. Hendricks, "An Evaluation of the 
Main Geomagnetic Field, 1940-1962," J. Geophys. Res., 70, 3647-3674, 
1965. 
I 1  
Carlheim-Gyllenskold, V., "Sur la Forme Analytique de 1'Attraction 
Magndtique de la Terre 
Jaktapelser och Undersokn., Stockholms Observat., 5, Nr. 5 ,  36 pp., 
1896. 
ExprimLe en Fonction du Temps," Astron. a 
Chapman, S., and J. Bartels, Geomagnetism, 1 and 2, Oxford University 
Press, Oxford, 1940. 
Cowling, T. G., Magnetohydrodynamics, Interscience, New York, 1957. 
Cowling, T, G., Introductory Report, Part 111, "General Aspects of 
Stellar and 5olar Magnetic Fields," in Stellar and Solar Magnetic 
Fields, R. Lust (ed.), North Holland Pub. House, Amsterdam, 1965. 
Presented at International Astronomical Union, Symposium No. 22, 
Munich, Germany, September 1963. 
Elsasser, W. M., "The Earth's Interior and Geomagnetism," Rev. of Mod. 
Phys., 22, 1-35, 1950. 
Elsasser, W. M., "Hydromagnetic Dynamo Theory," Rev. of Mod. Phvs., 28, 
135-163, 1956. 
Halley, E., "On the Cause of the Change in the Variation of the Magnetic 
Needle; With an Hypothesis of the Structure of the Internal Parts of 
the Earth," Phil. Trans. ROY. SOC., 17, 470-478, 1692. 
-26- 
Heuring, F. T. , "Comparison of Some Recently Defined Geomagnetic Field 
Models to the Vanguard 3 (19597)) Data," J. Geophvs. Res., 70, 4968- 
4971, 1965. 
Hide, R., and P. H. Roberts, "The Origin of the Main Geomagnetic Field," 
Physics and Chemistry of the Earth, ff, 27-98, Pergamon Press, London, 
i 4 b i .  
Kaula, W. M., "Improved Geodetic Results from Camera Observations of 
Satellites," J. Geophys. Res. , 68, 5183-5190, 1963. 
Kern, J. W., and E. H. Vestine, "Magnetic Field of the Earth and Planets," 
Space Sci. Rev., 2, 136-171, 1963. 
Lee, W. H. K., and G. J. F. MacDonald, "The Global VariaLion of Terres- 
trial Heat Flow," J. Geophys. Res., 68, 6481-6492, 1963. 
Lowes, F. J., and S. K. Runcorn, "The Analysis of the Geomagnetic Secu- 
lar Variation," Phil. Trans. Roy. SOC., 243A, 525-546, i951. 
MacDonald, K. L., "Geomagnetic Secular Variation at the Core-mantle 
Boundary," J. Geophys. Res., 60, 377-388, 1955. 
McNish, A. G., "Physical Representations of the Geomagnetic Field," 
Trans. her. Geophys. Union, 21st Annual Meeting, 11, 287-291, 1940. 
Munk, W., and G. J. F. MacDonald, The Rotation of the Earth, Cambridge 
University Press, Cambridge, 1960. 
Nagata, T. , "Two Main Aspects of Geomagnetic Secular Variation: West- 
ward Drift and Non-drifting Components ," Proceedings of the Benedum 
Earth Magnetism Symposium, 39-55, Pittsburgh, 1962. 
Nagata, T., ''Main Characteristics of Recent Geomagnetic Secular Vari- 
ation," J. Geomagnet. Geoelec., x, 263-276, 1965. 
Nagata, T., and T. Rikitake, "Geomagnetic Secular Variation and Poloidal 
Magnetic Fields Produced by Convectional Motions in the Earth's Core," 
J. Geomagnet. Geoelec., l3, 42-53, 1961. 
Nagata, T., and Y. Syono, II Geomagnetic Secular Variation During the 
Period from 1955 to 1960," J. Geomagnet. Geoelec., 12, 84-98, 1961. 
Parker, E. N., "Hydromagnetic Dynamo Models," Astrophvs. J- Y - 122, 293- 
314, 1955. 
Pochtarev, V. I., "The Western Drift of the Geomagnetic Field," (English 
translation, American Geophysical Union), Geomagnetism and Aeronomy, 
- 4, (2), 289-291, 1964. 
II Roberts, P. H. , Inferences Concerning Motions of the Core," Abstract 
11-2. 
tary and Stellar Magnetism, Newcastle-on-Tyne, England, April 26 to 
May 1, 1965. 
Paper presented at the NATO Advanced Study Institute of Plane- 
-27 - 
Roberts, P. H., and S. Scott, "On Analysis of the Secular Variation; (I) 
A Hydromagnetic Constraint: Theory," J. Geomamet. Geoelec., 2, 137- 
151, 1965. 
Rochester, M. G., "Geomagnetic Westward Drift and Irregularities in the 
Earth's Rotation," Phil. Trans. Roy. SOC. London, A-252, 531-555, 1960. 
vening-Meinez, F. A., "A Cause of Changes of the Secular Geomagnetic 
Field," Proceedinps Koninkl. Nederl. Akademie Van Weterschappen, a, 
(4), 341-343, Amsterdam, 1964. 
Vestine, E. H., "On Variations of the Geomagnetic Fluid, Fluid Motions, 
and the Rate of the Earth's Rotation," Proc. Natl. Acad. Sci., 38, 
1030-1038, 1952. 
Vestine, E. H., "The World Magnetic Survey and the Earth's Interior,'' in 
Proceedings of The Symposium on Mametism of the Earth's Interior, 
November 16-20, 1964, University of Pittsburgh, J. Geomagnet. Geoelec., 
- 17, (34), 165-171, 1965. 
Vestine, E. H., and Anne B. Kahle, "On the Small Amplitude of Magnetic 
Secular Change in the Pacific Area," J. Geophys. R e s . ,  7 l ,  527-530, 
1966. 
Vestine, E. H., L. Laporte, I. Lange, and W. E. Scott, "The Geomagnetic 
Field, Its Description and Analysis," Carnegie Inst. Wash. Pub., 
(580), 1947. 
Vestine, E. H., W. L. Sibley, J. W. Kern, and J. L. Carlstedt, "Integral 
and Spherical-harmonic Analysis of the Geomagnetic Field for 1955.0, 
Part 1," J. Geunapnet. Geoelec., l5, 47-72, 1963. 
Whitman, K., 'The Relationships Between the Secular Change and the Non- 
dipole Fields," Can. J. Phys., 36, 1372-1396, 1958. 
Yukatake, T., "The Westward Drift of the Magnetic Field of the Earth," 
Bull. Earthquake Res. Inst., 40, 1-65, 1962. 
, 
August 19 6 6 RB -509 1 
REf-5091-NASA, Estimated Surface Motions of the Earth's Core, Anne B. 
Kahle, E. H. Vestine, R. H. Ball, RAND Memorandum, August 1966, 38 pp. 
PURPOSE: To define, on the basis of geomagnetic data and hydrodynamic principles, 
I 
some general features of the core-surface motions comprising the westward drift 
pattern and the next simplest pattern of surface flow. Previous work on theo- 
retically inferred surface fluid motions of the earth's core is improved and 
extended for epoch 1955, using secular change for the period 1912 to 1955. 
METHODOLOGY: Surface flow is estimated using the frozen-field concepts of Alfv&, 
including the effect on the secular change resulting from the nonuniformity in 
the flow pattern. It is assumed that both dipole and nondipole terms of the 
main field are carried by the fluid. The flow is estimated by assuming that the 
horizontal surface flow can be resolved into two components, rotational and 
irrotational. The rotational component is composed of the well-known westward 
drift and flow around closed streamlines on the surface of the core. The irrota- 
tional component is flow from sources to sinks and affords some information about 
the vertical flow. 
RESULTS: The westward drift appears to be considerably smaller than previously esti- 
mated. It also varies considerably with latitude, even drifting eastward in some 
places. 
the secular change over a 43-year period. In addition to the westward drift, there 
seems to be a strong upflow in the Southern Hemisphere, centered south of Africa, 
with a corresponding downflow in the Northern Hemisphere, centered in the Mediter- 
ranean. Although a downflow was still obtained for the Northern Pacific, the 
improved estimate has resulted in major changes in the derived flow. There are 
also strong rotational velocities, particularly in the region of Africa. 
Apparently some of this reduction in magnitude results from averaging 
BACKGROUND: This RAND study was supported by the National Aeronautics and Space Admin- 
istration. 
the earth's magnetic field as it affects the radiation belts, and to assist in 
estimating the magnetic fields likely to be encountered on other planets. 
It is intended to improve predictions of the strength and patterns of 
1 
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